. The effect of water deprivation on signalling molecules that utilise cGMP in the spinifex hopping mouse Notomys alexis. Australian Mammalogy 26: 191-198. In mammals the natriuretic and guanylin peptides influence renal and intestinal fluid content and electrolyte transport by binding to and activating guanylyl cyclase (GC) receptors that in turn stimulate production of the intracellular second messenger guanosine 3':5'-cyclic monophospate (cGMP). However, the role of natriuretic and guanylin peptides in desert mammals is not understood. The spinifex hopping-mouse (Notomys alexis), has a suite of behavioural and physiological mechanisms that permits survival for extended periods without access to free water. Because signalling molecules that generate cGMP are known to promote water excretion, it was predicted that natriuretic and guanylin peptide synthesis would be down regulated in water-deprived N. alexis, and thus reduce the amount of water lost in the urine and faeces. However, in the kidney ANP and GC-A mRNA levels were increased in water-deprived mice, but CNP and GC-B mRNA levels were decreased. Water deprivation increased guanylin and uroguanylin mRNA expression in the distal colon, but it remained unchanged in the kidney and proximal colon. The expression of GC-C mRNA increased in the proximal colon but not in the distal colon. This study shows that water deprivation differentially affects the expression of regulatory molecules that stimulate cGMP production, and that a down-regulation associated with water conservation does not uniformly occur.
THE high temperatures and low humidity of desert regions pose problems for endothermic animals, because their high metabolism and body temperatures challenge water conservtion. Despite this, some desert mammals can survive for extended periods without drinking by utilizing preformed water from food, and metabolic water that is produced upon the oxidation of the food (Degen 1997) . The spinifex hopping mouse (Notomys alexis) is a small rodent that is well adapted for life in the deserts of central and western Australia. N. alexis has a range of behavioural and physiological adaptations that permit individuals to live for extended periods without access to free water (MacMillen and Lee 1969; Weaver et al. 1994) . Two important physiological adaptations that enable N. alexis to conserve water are the production of highly concentrated urine and dry faeces. The production of concentrated urine is dependent on the regulation of two processes, ultrafiltration of plasma in the glomerulus and the reabsorption of water in the renal tubules. Accordingly, desert mammals have a reduced glomerular filtration rate and enhancedtubular water reabsorption (Degen 1997) . The ability of mammals to reabsorb water is dependent on the medullary osmotic gradient created by the loop of Henle, which drives the reabsorption of water from the collecting duct. A higher osmotic gradient enables more water to be reabsorbed, thus producing concentrated urine. N. alexis have elongated loops of Henle that can extend as far as the urethra and are therefore capable of excreting very concentrated urine. In fact, they have been reported to produce the most concentrated urine of any mammal (9370 mOsm/l) (MacMillen and Lee 1969; Hewitt 1981) . Furthermore, the colon of N. alexis has a greater absorptive area than that of non-desert rodents, which facilitates increased water reabsorption and the production of relatively dry faeces. A larger surface area of the colon also serves to increase the metabolism of lipids, thereby producing more water (Degen 1997) , which is seen as an important adaptation of desert mammals such as N. alexis (MacMillen and Lee 1969; Murray et al. 1995) .
The role of vasopressin and reninangiotensin systems in desert rodents
The endocrine regulation of fluid balance in desert rodents has focussed on the roles of vasopressin and the renin-angiotensin systems, because of their importance in regulating mechanisms that conserve water. In mammals, vasopressin plays a crucial role in the maintenance of plasma osmolality and blood volume. The posterior pituitary secretes vasopressin into the circulation when an increase in plasma osmolality and/or a decrease in blood volume are detected by specific receptors. Vasopressin binds to vasopressin 2 (V2) receptors in the collecting ducts of the kidney, which causes an increase in the reabsorption of water from the filtrate, thereby increasing the concentration of the urine; this results in the restoration of plasma osmolality and blood volume to normal levels. In comparison to non-desert rodents, the plasma levels of vasopressin in desert rodents such as the Cairo spiny mouse (Acomys cahirinus) and golden spiny mouse (Acomys russatus) (Castel et al. 1974) , Egyptian gerbil (Gerbillus gerbillus) and lesser Egyptian jerboa (Jaculus jaculus) (El Husseini and Haggag 1974) and greater Egyptian jerboa (Jaculus orientalis) (Baddouri et al. 1984) are much higher. For example, the plasma vasopressin levels of J. orientalis are 100 -200 times greater than those of a laboratory rat and twenty times higher than that of laboratory rats water-deprived for two days (Baddouri et al. 1984) . N. alexis have a large posterior pituitary that contains three times the amount of vasopressin per unit of body weight as compared with a laboratory rat (Bridges and James 1982), indicating that N. alexis has a greater capacity to synthesise and release vasopressin. However, in N. alexis which were waterdeprived for seven and 14 days, haematocrit and plasma osmolality did not (Table 1) , which indicates that water deprivation did not cause dehydration in N. alexis. Therefore, the stimulus for vasopressin release is not increased in water-deprived animals (Heimeier et al. 2002; Donald and Bartolo 2003) . We have recently shown that after three days of water deprivation, renal V2 receptor mRNA expression increases in N. alexis (Donald and Bartolo, unpubl. data) , which may lead to an increase in the number of V2 receptors in the collecting ducts and an increased response to vasopressin. This finding suggests that in N. alexis the vasopressin system may be an important regulator of water balance during the early stages of water deprivation.
A decrease in blood volume stimulates the release of renin from the kidney, which converts angiotensinogen to angiotensin I. Angiotensin I is converted to angiotensin II, which mediates vasoconstriction and stimulates thirst and the release of aldosterone from the adrenal glomerulosa, as well as vasopressin from the posterior pituitary. Aldosterone targets the distal tubule and collecting ducts of the kidney and increases the reabsorption of sodium. As water osmotically follows sodium, the retention of sodium also promotes water retention, and a subsequent increase in blood volume. The kangaroo rat (Dipodomys spectabilis) and the dryland desert gerbil (Meriones unguiculatus) have higher basal plasma angiotensin II levels than the laboratory rat. However, water deprivation for four days caused a five-fold (500%) increase in plasma angiotensin II in laboratory rats, but only a 50% increase in D. spectabilis and M. unguiculatus (Wright and Harding 1980) . In addition, N. alexis have been shown to have higher basal levels of plasma renin and angiotensinogen than laboratory mice (Weaver et al. 1994) . When N. alexis are water-deprived for seven days plasma angiotensinogen and renin concentrations increase, but after 28 days of water deprivation, the levels were not different from those measured in animals with access to water (Weaver et al. 1994) . Higher basal plasma angiotensin II levels in desert rodents may lead to a decrease in blood flow to the kidney, thereby decreasing the glomerular filtration rate. It would also lead to higher plasma aldosterone and vasopressin levels, thus increasing water reabsorption in the kidney.
Therefore, it appears that the basal expression levels of the vasopressin and renin-angiotensin systems in desert mammals are much higher than those of non-desert mammals, which may be an adaptation for survival in xeric environments. However, when non-desert mammals are waterdeprived they have a much greater capacity to upregulate these hormone systems than desert-adapted mammals. 
Period

Cyclic GMP signalling systems and fluid homeostasis
Within the past two decades interest has arisen in two new regulatory molecules that control salt and water handling by the kidney and the intestine. The natriuretic and guanylin peptides are signalling molecules that are activated by an increase in the extracellular fluid volume caused by excess salt and water. In mammals the peptides act by binding to and activating guanylyl cyclase (GC) receptors on the apical surface of target cells; three distinct domains are involved (Fig. 1) . Upon peptide binding to the ligand-binding domain, the GC domain converts cytosolic guanosine triphosphate (GTP) to the intracellular second messenger, guanosine 3':5'-cyclic monophosphate (cGMP) (Lucas 2000) . The natriuretic and guanylin peptides bind to specific GC receptors based on relative affinities for the ligandbinding domain of the GC receptor ( Fig. 1 ). An increase in the production of cGMP leads to an increase in the excretion of water (diuresis) and salt (natriuresis) by the kidney and inhibits the absorption of water and salt by the intestine (Lucas 2000) . Therefore, these peptides oppose the actions of the vasopressin and renin-angiotensin systems; this will be discussed below. 
Natriuretic peptides
The natriuretic peptide family includes atrial natriuretic peptide (ANP) (De Bold 1981), brain natriuretic peptide (Sudoh et al. 1988 ) and C-type natriuretic peptide (CNP) (Sudoh et al. 1989) . In mammals, atrial stretch caused by hypervolemia stimulates the release of ANP from the atria into the circulation (Espiner 1994; Takei 1999) . ANP reduces blood volume and pressure by increasing renal natriuresis and diuresis, relaxing vascular smooth muscle, suppressing renin secretion and inhibiting vasopressin-mediated water reabsorption (Brenner et al. 1990; Takei 1999) . ANP has also been identified in a number of tissues including the kidney. It is now believed that renal ANP may be more important than cardiac ANP as the regulator of sodium and water excretion (Goetz 1991). In addition to renal ANP, CNP is expressed in specific regions of the renal tubules and blood vessels. Therefore, it is now considered that natriuretic peptide regulation of renal function occurs via paracrine actions of endogenous ANP and CNP. The physiological effects induced by ANP and CNP are mediated via two particulate GC receptors, GC-A and GC-B, respectively. In the kidney, natriuresis and diuresis occurs due to a combination of effects in the glomerulus and renal tubules. In addition, ANP, CNP and their receptors are present in the intestine and have been shown to inhibit the absorption of water, sodium and chloride (Bosc et al. 2000) .
Very little is known about the expression and function of the natriuretic peptide system in desert mammals. One study found that the levels of cardiac and plasma ANP in two North African desert rodents, the fat sand rat (Psammomys obesus) and the Libyan jird (Meriones libycus), were lower in comparison to laboratory rats (Lacas et al. 1998 ). In addition, ANP levels in various tissues such as the kidney, adrenal gland and liver, are lower in P. obesus compared to the laboratory rat (Bachar and Lichstein 1993), which suggests that ANP-mediated diuresis and natriuresis are lower in desert rodents. This situation may be an appropriate adaptation to survival in the absence of free water. In a follow up study, Lacas et al. (2000) observed that water deprivation for eight days increased cardiac ANP, but decreased plasma ANP levels in the slender gerbil (Taterillus gracillus) which is a desert rodent. However, in another species, the northwestern fat mouse (Steatomys caurinus), cardiac and plasma ANP levels were unaffected by water deprivation. As natriuretic peptide regulation of renal function may occur independently of cardiac and plasma ANP, it is important to examine the endogenous peptides of the kidney rather than the heart alone.
Guanylin and uroguanylin peptides
Activation of guanylyl cyclase C (GC-C) receptors in the colon by heat stable enterotoxins leads to the secretion of chloride and bicarbonate ions, causing severe diarrhoea (Field et al. 1989; Joo et al. 1998) . Currie et al. (1992) 
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GC-C Guanylin, uroguanylin search of a potential ligand that activated intestinal GC-C, and showed that rat jejunum and kidney tissue extracts contained a material that was called guanylin. As the kidney contained GC-C receptors and kidney extracts stimulated GC-C activity, it was then thought that the urine would also contain guanylin. Using a cGMP bioassay, the bioactivity of opossum urine was tested and it was found to contain a peptide that stimulated GC-C resulting in an increase in intracellular cGMP (Hamra et al. 1993) .
The peptide was related to guanylin and was subsequently called uroguanylin based on its site of discovery (Hamra et al. 1993 ).
The physiological actions of guanylin peptides (guanylin and uroguanylin) in the intestine are to regulate the secretion of chloride and bicarbonate ions into the lumen during digestion. Increasing the secretion of these ions neutralizes hydrochloric acid in the small intestine, and organic acids produced by enteric bacteria in the colon (Joo et al. 1998) . Guanylin peptides can also inhibit the absorption of salt and water throughout the gastrointestinal tract (Forte et al. 1999) . Uroguanylin is released into the blood stream after salt is ingested and it is also released locally from the cells lining the renal tubules (Fan et al. 1997; Forte and Hamra 1996) . Guanylin is also produced in the kidney but it appears that uroguanylin is the predominant peptide mediating salt and water excretion from the kidney (Forte et al. 2000) .
Study rationale
In mammals that live in desert environments, it may be predicted that the natriuretic and guanylin peptide systems that generate cGMP would be downregulated when water is limited or absent because cGMP activates cellular processes that promote water excretion. However, the role of the peptides in fluid homeostasis in desert species is yet to be determined. To address this we have been examining the effect of water deprivation on the mRNA expression of the natriuretic and guanylin peptide systems in N. alexis. The transcription of mRNA is an indicator of the activity of the signalling systems because mRNA production reflects the protein levels of the signalling molecules and their receptors.
MATERIALS AND METHODS
Water deprivation was performed for seven and 14 days on a 12:12 h photoperiod. For the water deprivation experiment, N. alexis were housed in sand filled glass aquaria that provided a medium for burrowing and were fed fresh millet seed daily. Prior to the commencement of each study sexually mature N. alexis were selected and placed into groups of four in order for the animals to familiarise themselves with the new housing and the other animals. All animals in each group were of the same sex and there was a control (access to water) and experimental group of each sex. For individual identification animals were ear tagged. The animals were weighed on a daily basis and their health was assessed. The temperature was kept constant at 21 o C, and the relative humidity was between 45 -60%.
The effect of water deprivation on mRNA expression was performed using a semi-quantitative polymerase chain reaction (PCR), which detects changes in mRNA expression by the incorporation of dCTP α-32 P into PCR products. As dCTP α-32 P is randomly incorporated into the PCR products, the amount of radiation emitted by a PCR product can used to detect changes in mRNA expression. Quantification of the mRNA was determined by normalising the levels of amplification of the gene of interest against that of a house-keeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Stuzenbaum and Kille 2001). The mean expression of mRNA in control N. alexis were adjusted to represent 100%, ± standard error (SE) and the mean level of mRNA expression in WD N. alexis was calculated as a percentage of the control, ± SE.
RESULTS AND DISCUSSION
During water deprivation N. alexis steadily lose weight until about day nine, when weight stabilises until day 14 (Fig. 2) . Longer-term water deprivation studies have shown that N. alexis will begin to increase body weight after 14 days to pre-deprivation levels (Weaver et al. 1994; Heimeier, 2004) . Table 1 shows the haematocrit and plasma osmolality data from control and water deprived N. alexis after seven and 14 days of water deprivation; no significant difference was observed between water-deprived and control animals.
Natriuretic peptide system
In the kidney the response to water deprivation was ligand/receptor specific, because the mRNA expression of ANP/GC-A and CNP/GC-B were affected differentially (Heimeier et al. 2002; Heimeier and Donald 2003) . Water deprivation for seven and 14 days had no effect on ANP mRNA expression in the heart but the expression of ANP mRNA in the kidney was clearly affected; however, it did not show a consistent change (Fig. 3) . Seven days of water deprivation significantly increased renal ANP mRNA expression, while 14 days of water deprivation decreased the expression of renal ANP mRNA (Heimeier et al. 2002) . These data suggest that there is differential transcriptional control of cardiac and renal ANP mRNA expression during water deprivation and that the renal ANP system may be primarily responsible for regulating osmotic balance. The increase in renal ANP mRNA expression after seven days of water deprivation suggests that there is an increase in the production of ANP in the kidney. This result is surprising because a water-deprived animal would benefit by reducing urinary water loss. In addition to ANP there is also an increase in GC-A mRNA expression in the kidney after seven days of water deprivation. However, after 14 days of water deprivation the GC-A mRNA levels remain the same as control animals with access to water. These data show that transcriptional regulation of GC-A mRNA is also affected by the early stages of water deprivation. In addition, the ability of ANP to stimulate cGMP production in kidney membranes is significantly up-regulated after seven days of water deprivation, as compared with control animals with access to water (data not shown). Taken together, the increase in ANP/GC-A mRNA expression and ANPmediated GC activity after seven days of water deprivation was in the opposite direction to what was predicted, which indicates that down-regulation of this system is not part of the physiological response to an absence of free water. In contrast, the decrease in ANP mRNA expression after 14 days of water deprivation may reflect a reduction in ANP mediated effects in the kidney during extended water deprivation.
The response of the renal CNP/GC-B system in N. alexis following seven and 14 days of water deprivation showed that both CNP and GC-B mRNA 
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Seven Day Study Fourteen Day Study expression were down regulated (Fig. 3 ) (Heimeier and Donald 2003) . In non-desert animals, the physiological role of the CNP/GC-B system in the kidney is not fully understood, but it appears to be important for regulating renal blood flow (Bonhomme et al. 1998) . During periods of water deprivation a decrease in CNP/GC-B mRNA levels may reflect a reduction in the CNP tone influencing blood flow to the glomeruli and inner medulla. This would lead to a reduction in blood flow that would decrease the glomerular filtration rate, and consequently urine production. In addition, a reduction in blood flow to the inner medulla could be important in maintaining the medullary osmotic gradient, thereby ensuring that osmolytes are not removed from the inner medulla (Cowley 1997).
Guanylin system
Guanylin and uroguanylin mRNA expression were found in the proximal and distal colon, caecum, small intestine, kidney and heart. The expression of GC-C mRNA was found in the small intestine, caecum, and the proximal and distal colon, but not in the heart and kidney. The absence of GC-C mRNA expression in the kidney was surprising since GC-C expression has been clearly demonstrated in the rat kidney (Carrithers et al. 2000) . Given that both guanylin and uroguanylin are expressed in the kidney of N. alexis, further analysis on the presence or absence of GC-C proteins in the kidney is required.
Notomys alexis water-deprived for seven days showed an increase in the expression of guanylin mRNA in the proximal and distal colon but an increase in uroguanylin mRNA expression was only observed in the distal colon (Fig. 4 ). An increase in guanylin and uroguanylin mRNA expression suggests that there is also an increase in the production of guanylin and uroguanylin peptides in the distal colon, which may compromise the ability of the colonic epithelium to reduce water loss in the faeces. In contrast, GC-C mRNA expression was significantly increased in the proximal colon but no change was observed in the distal colon (Fig. 4) . Thus, it appears that in N. alexis there is differential regulation of guanylin peptides and the GC-C receptor in the colon following seven days of waterdeprivation (Donald and Bartolo 2003) .
It was predicted that there would be a decrease in renal guanylin and uroguanylin mRNA expression to reduce the level of cGMP-mediated excretion of salt and water, if indeed GC-C proteins are present in the kidney of N. alexis (see above). However, the expression of guanylin and uroguanylin mRNAs in the kidney was not affected by water deprivation when compared to control animals with access to water. This result is consistent with data from a water-deprivation experiment in laboratory mice in which no effect on renal guanylin and uroguanylin expression was found (Potthast et al. 2001) . However, a salt load in drinking water mediated an increase in renal uroguanylin mRNA expression but not guanylin expression (Potthast et al. 2001) . Salt loads given in drinking water cause dehydration by increasing plasma osmolality. During water deprivation, the plasma osmolality of N. alexis does not increase from control animals with access to water, thus the stimulus that causes changes in uroguanylin expression is absent (Donald and Bartolo 2003) . (Guan), uroguanylin (Uro) and GC-C in the proximal colon and distal colon of control and seven day water-deprived N. alexis. The guanylin, uroguanylin or GC-C to GAPDH ratios for the control mice were set at 100%. * indicates statistical significance (p ≤ 0.05) from control values. Significant increases in guanylin and uroguanylin mRNA expression were found in the distal colon but only guanylin and GC-C mRNA expression was significantly increased in the proximal colon. In conclusion, it is known that in mammals regulatory molecules that activate GC receptors and generate cGMP cause an increase in the excretion of water from the kidney and colon. Therefore, we had expected that the expression of two peptide families that signal via cGMP would be down-regulated in N. alexis, during water deprivation. However, our data show that a uniform down-regulation does not occur, and in fact some peptides and receptors are upregulated. However, it must also be considered that other peptide systems could be acting to conserve water during periods of water deprivation. Clearly, further research is required to precisely elucidate the biological role of the natriuretic and guanylin peptides in desert mammals such as N. alexis. 
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